
D-RI36 083 EFFECTS OF MTUL COUPLING 
ON THE PERFORMANCE OF 

1/1
ADAPTIVE ARRAYS(U) OHIO STATE UNIV COLUMBUS
ELECTROSCIENCE LAB I J GUPTA ET AL- JUL 03

UNCLASSIFIED ESL-714-258-1 RADC-TR-83-164 F/G 9/5 N

NONE hhhhi



LL3

4'.

llg1.05 6lull11-  = iwi - Ii -

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS- I963-A

4 ,"-- -<:,, .-", -"- . -.- .,, "- '-"", - . , ' -. ,.-' - .- " -. - - . " - - , .. "• - ,



RADC-TR.83- 1644
Interim Report
July 1963

EFFECTS OF MUTUAL COUPLING ON THE
PERFORMANCE OF ADAPTIVE ARRA YS

The Ohio State University

Inder J. Gupta and Aharon A. Kslenskl

APPROVED FOR PUBLIC RELUAS DISTRIBUTION UMLIITED

DTIC
ELECTEr

DEC 2O1 0 IM .

gZ ROME AIR DEVELOPMENT CENTER D
Air Force Systems Command

* Griffiss Air Force Base, NY 13441

i&



This report has been reviewed by the RADC Public Affairs Office (PA) and
is releasable to the National Technical Information Service (NTIS). At NTIS
it will be releasable to the general public, including foreign nations.

RADC-TR-83-164 has been reviewed and is approved for publication.

APPROVED:

CARMEN *LUVERA

*Proje Engineer

APPROVED:

-. BRUNO BEEK, Technical Director

Communications Division

FOR THE COMMANDER:

JOHN P. HUSS
Acting Chief, Plans Office

If your address has changed or if you wish to be removed from the RADC
iling list, or if the addreea.ee is no longer employed by your organization,

please notify RADC ( DCCR ) Griffiss AFB NY 13441. This will assist us in
maintaining a current mailing list.

Do not return copies of this report unless contractual obligations or notices
on a specific document requires that it be returned.

L.-



UNCLASSIFIED
SECURITYV CLASSIFICATION OF THIS PAGE (Wad.Mv Ditoa af

REPOT DCUMETAX~t4 AGEREAD INSTRUCTIONS
REPOT DCUMNTATON AGEBEFORE COMPLETING FORM

1. REPRT MUSIZ2. GOVT ACCESSION NO. 2. RECIPIENT'S CATALOG NUMBER

4. TITLE (aaE SubIN#.) S. TYPE Of REPORT 6 PERIOD COvEREO

EFFECTS OF MUTUAL COUPLING ON THE Interim Report
PERFORMANCE OF ADAPTIVE ARRAYS 6. PERFORMI G 0 0G. REPORT NUMBER

ESL 714-258-1
7. AUTHOR(s) S. CONTRACT OR GRANT NUMSER(s)

Inder J. Gupta
Aharon A. Ksienski F30602 -82 -C-0009

S. PERFORMING0ORGANIZATIOM NAME AND ADDRESS M0. PROGRAM ELEMENT, PROJECT. TASK~
AREA & WORK UNIT NUMBERSThe Ohio State University/ElectroScience Lab 62702F

Department of Electrical Engineering 4162
Columbus OH 43212 4162

1CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT OATS

GriffissJuly 1983
Rome Air Development Center (DCCR) 13. NUMBER OF PAGES
GrfisAFB NY 13441 36

14 MONITORING A41NC V AM19 A AOORESIII 41d1fta Infno Coattolflad Off11c*) Ill. SECURITY CLASS. (0( this vmpan)

Same
UNCLASSIFIED
Is.. PECL ASSI PIC ATION/ OWNGRADING

N/A .C4OULE

1S. DISTRIBUTION STATEMENT (of N.J. Mopoi

* Approved for public release; distribution unlimited. a

17. DISTRIBUTION STATEMENT (of hsr ft onI teed fIn 9l*k N.If 40ff.,on frog, Ropon)

Same

IS. SUPPLEMENTARY NOTES

RADC Project Engineer: Carmen J. Luvera (DCCR)

It. KEY WORDS (ComEM n ut VIFIN' Oidt It WOO*Oinp OW Ids'silly by 6el 0 metkL

Adaptive Arrays
LMS Processing
Mutual Coupling

* Applebaum Arrays

AUTfCT ECo~t _7 roersdo ff an md Identi& 1 ble1d miobor)
the efec o nuuarcouprlg'% etween array elements on the performance
of adaptive arrays is examined. The study includes both steady state and
transient performance. An expression for the steady state output signal-

* to-interference-plus-noise ratio (SINR) of adaptive arrays, taking into
account the mutual coupling between the array elements, is derived. The
expression is used to assess the steady state performance of adaptive
arrays. The transient response is studied by computing the eigenvalues

DOIPNI 1473 EDITION OP INOV693 ISoSSLET9 UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (Pleea, Dote Enterd)

.. .'2L



UNCLASSIFIED
4 SIRCUINT CLASSIFICATION OF THIS PAGEZRWh Doe goareo

*associated vith the signal covariance matrix. The optimum excitation
to maximize the output SINR of Applebaum type adaptive arrays in the
presence of mutual coupling is also given.

UNISSFE

SEUIYCASFIAINO AE'hnDt r-

.4

44%



Accession For-

NiTIS GRA&I OI
DTIC TAB
Unannounced COPY

I INSPECTEC)
Justificatio

Distribution/

Availability CodeS
Aviand /or

Dist Special

Avail nd/orTABLE 
OF CONTENTS

Page

LIST OF FIGURES iv

I. INTRODUCTION 1

II. STEADY STATE PERFORMANCE OF AN ADAPTIVE ARRAY IN THE 2
PRESENCE OF MUTUAL COUPLING

I11. TRANSIENT RESPONSE IN THE PRESENCE OF MUTUAL COUPLING 24

IV. APPLEBAUM ARRAYS 29

V. CONCLUSIONS 33

REFERENCES 34

APPENDIX A 35

II%
,a t = • d 4 -, % • T .

'-p,' -.,' ' - - "" ' .-' -. ' ".- ..•--.-." ' ' " " " - ' ' - - ' .-. - - . - .• " ' . - . .

, 'p. . L . . : Z . . , . ."." " ' " . . . " " " " . " " - . .

,, =" , ' ., ',, ''-.'.. ,-',,,,'- .-'.,..-' ;', ..'-'. -. -..-.. .'-.--.'.-... "'.''. '... ... ,- .- "..'...'*-' *.-. ..



LIST OF FIGURES

Figure Page

1 Basic adaptive array. 3

2 Antenna array as a N+1 terminal network. 5

3 An array of N half-wavelength, center-fed dipoles. 15

4 Output SINR of an array of six half-wavelength, 16
center-fed dipoles vs. the desired signal direction
(fd)'

5 Mutual impedance between two half-wavelength, center- 18
fed thin dipoles vs. the spacing between the dipoles.

6 Output SINR of an array of six half-wavelength, 19
center-fed dipoles vs. the interelement spacing.

7 Output SINR of an array of half-wavelength, center-fed 21
dipoles of fixed aperture vs. the number of elements.

8 Nonunity elgenvalue (X) of an array of six half- 26
wavelength, center-fed dipoles in the presence of a
desired signal vs. the interelement spacing.

9 Nonunity elgenvalues (X) of an array of six half- 27
wavelength, center-fed dipoles in the presence of a
desired signal and a jammer vs. the interelement
spacing.

10 Nonunity eigenvalues (X) of an array of six half- 28
wavelength, center-fed dipoles in the presence of a
desired signal and two jammers vs. the interelement
spacing.

11 Output SINR of an array of six half-wavelength, 32
center-fed dipoles vs. the interelement spacing
using Applebaum algorithm.

iv

*.47-
,.',...-..'..... . .." " ' .'i. '""' - .'' ".



%V 7

'p!
I. INTRODUCTION

It has been shown [1] that the performance of an adaptive antenna

array is strongly affected by the electromagnetic characteristics of the

antenna array. An important electromagnetic characteristic of an

antenna array is the mutual coupling between its elements. In the above

work, mutual coupling between the antenna elements was, however,

,* ignored, i.e., the antenna elements were assumed to be isolated from

each other. In practice, elements of an antenna array have mutual' p.
coupling, which in turn affect the gain, beanwidth, etc., of the array.

Mutual coupling becomes particularly significant as the interelement

spacing is decreased.

In this report, the effect of mutual coupling on the performance of

adaptive arrays is studied. It is shown that the mutual coupling does

affect the performance of adaptive arrays and these effects are

significant even for large interelement spacings, i.e., for spacing of

more than half a wavelength. The effect is rather drastic as the

interelement spacing drops below a half wavelength. In fact, for a

fixed aperture with half wavelength spaced elements, the introduction of

additional elements can degrade the array performance. The failure to

recognize the presence of mutual coupling will degrade the performance

of Applebaum type adaptive arrays more than that of LMS arrays since the

optimum excitation has to he modified both in phase and amplitude to

include the changes in the desired signal vector due to the presence of

mutual coupling.

1.. in .
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In section II, an analytic expression for the steady state output

signal-to-interference-plus-noise ratio (SINR) of an adaptive array is

derived. The expression takes into account the mutual coupling between

the array elements and involves the normalized impedance matrix of the

array elements. The expression is used to study the effect of mutual

coupling on the performance of adaptive arrays and it is shown that the

output SINR of the array depends upon the mutual coupling between its

elements. In section Ill, the effect of mutual coupling on the

transient performance of adaptive arrays is studied. It is shown that

the presence of mutual coupling between the array elements reduces the

speed of response of an adaptive array. In section IV, the optimum

excitation to maximize the output SINR of Applebaum type adaptive arrays

in the presence of mutual coupling is found. Section V contains our

conclusions.

II. STEADY STATE PERFORMANCE OF AN ADAPTIVE ARRAY IN THE PRESENCE OF
MUTUAL COUPLING

The output SINR of an adaptive array is the most commonly accepted

measure of its steady state performance, and will accordingly be derived

first. The expression takes into account the mutual coupling between

the array elements. The expression will be used to study the effect of

mutual coupling on the performance of various adaptive arrays.

The basic diagram of an adaptive array is shown in Figure 1. The

output signal from each antenna element is multiplied by a complex

2
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weight and then these signals are summed to produce the array output

St). The weights are automatically adjusted to optimize the output

SINR in accordance with a selected algorithm. To find an expression for

the output SINR, one should know the element output voltages. We will,

therefore, first develop an expression for the element output voltages

when the mutual coupling is taken into account. These voltages will be

used as the input signals to the adaptive processor. The required

expression can be obtained by considering the N-element array as an N+1

terminal linear, bilateral network responding to an outside source as

shown in Figure 2.

Referring to Figure 2, each port of the N-element array is shown

terminated in a known load impedance, ZL. The array has as its driving

source a generator with open circuit voltage Vg and internal impedance

Zg. Using standard notation, one can write the Kirchoff relation for

the N+1 terminal network as

o"-' v1 =il Z11 +i.... i+l Zij +...+iN Z1N + is ZIs
.4

.4'

": vN ~= II ZNI + ........ + ij Zij + ... N ZNN + is Zis
* . . . .

'4o ,

* . . ° ,
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Figure 2. Antenna array as a N+1 terminal network.
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Further, making use of the relationship between terminal current

• .and load impedence,

= vJ j 1 1, 2, N (2.2)
Y*1

If all the elements in the array are in an open circuit condition

then

ij =0 j = 1, 2, ... , N

and from Equation (2.1)

VJ = Voj = Zjsi s  • (2.3)

Substituting Equations (2.2) and (2.3) into Equation (2.1) one

gets

1 + Z12 ....... 1-
7°

+ Z 11  Z12 ZIN v

Z21 + Z22 72N v2 2Z
TL 7L L vV 0 2

.. . ..

P ZN1 ZN2 .. .. I +ZNN v N
7 -L V •ON

(2.4)

6
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Or, more compactly

ZoV=V o  . (2.5)

In Equation (2.5) Zo is the normalized impedance matrix and Vo

represents the open circuit voltages at the antenna terminals. Since Zo

is nonsingular, one can find the element output voltages from the open

circuit voltages. The element output voltages will be given

V =Z o  Vo  . (2.6)

It should be noted that the matrix Zo is a normalized impedance

matrix, normalized to the load impedance. It acts like a transformation

matrix, transforming the open circuit element voltages to the terminal

voltages. What is normally assumed in analyzing adaptive antenna

systems is that the element spacing is large enough so that the mutual

coupling between the elements is small and consequently the matrix Zo

becomes diagonal. If one further assumes that the self-impedances (Zii,

i=1,2,...,N) are equal, the input signal vector will be just the open

circuit voltage vector multiplied by a trivial scaling factor involving

the self and load impedance terms. Thus the array performance will be

the same as calculated using the open circuit voltages as the input

signal to an adaptive processor.

Let m+1 CW signals (one desired and m jammers) of the same

frequency be incident on the array. Then the open circuit voltages at

antenna terminals are given by

7
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SVo Xd + I Xk (2.7)
k =1

where

Xd = Ad eJ (t+ *d) Ud (2.8)

Xik= Aik eJ(wot + ik) Ulk (2.9)

In Equations (2.8) and (2.9), Ad2 is the average power in the

desired signal, Aik 2 is the average power in the kth jammer, wo is the

carrier frequency, *d is the carrier phase of the desired signal at the

coordinate origin, *ik is the carrier phase of the kth jammer at the

coordinate origin and Ud, Uik are, respectively, the desired signal

vector and the kth jammer vector defined as follows:

f~1(ed '  d' Pd) j d

,% :" fZ~(ed ' td' Pd) ed""

fN(d ' d' P eJPdN (2.10)

where (Od, d) defines the desired signal direction, Pd is the

polarization of the desired signal, fj(e,o,p) is the pattern response of

the jth element to a signal incident from direction (6,0) with

8V . . . . - . . . .. 4. . 4
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polarization p and Pdj is the desired signal phase at the jth element,

measured with respect to the coordinate origin.

f l('ik ' OIk' Pik ) eJPikl

-.'- I f2(i 1k P)eJPik2

Sik=•

.N('ik' Ik' Pik ) eJPlkN (2.11)

where the notation is analogous to that for the desired signal vector.

Using Equations (2.6) and (2.7), the input signal to the adaptive

processor will be

m
V= Zo (Xd + I Xik) • (2.12)

4-, k=1

If thermal noise is also added to each element of the array then

the total input signal to the processor will be

X V + Xn
.4

-1 m
= zo [Xd + I Xik] + Xn(213)

k=1

where Xn is the noise vector defined as

Xn (nl(t), n2(t) .•, nN(t)) T  (2.14)

9-

*' . . . .. -. .-. . .. . ..-... - . * . *-, - - . ,S -S ,, - - .. . . ,.
- a " -" " " " - " " "- "- " " " .. . . " " ' " " .. . . . -. : ' ' "



In Equation (2.14), T denotes transpose. In the case of an

adaptive array, the signal xj(t) from the jth element is multiplied by a

complex weight wj(t). The signals are then summed to produce the array

output. Using the LMS algorithm [2), the steady state weight vector, W,

of the array is given by

W * -15 (2.15)

) where 4 is the covariance matrix

*=E{X*XTI (2.16)

and S is the reference correlation vector

S =E(X*R(t)) (2.17)

In Equations (2.16) and (2.17), R(t) is the complex reference

signal in the adaptive array [2,3], *denotes complex conjugate and E{-}

denotes expectation.

From Equations (2.13) and (2.16)

-1 m -1 m
* E ([Zo (Xd + I Xlk) +Xn]* [Zo (Xd+ Xik) +Xn]T I

k-1 k=1

4

-1m m
= (Z )*E ([(Xd + I Xik) + ZoXn]* 1Xdj + I Xik) +ZoXn]T}(Z 0-l)T

k=1 k=1

10
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Assuming that the thermal noise voltages from the array elements

are gaussian with zero mean and are uncorrelated with each other, and

the carrier phases of the narrowband signals are uniformly distributed

on (0, 2w) and are statistically independent of each other and of the

thermal noise voltages, the covariance matrix 0 Is given by

- T m 2 * T 2 * T -1
R (Zo" ) [ 2Z0 Z0  + k Aik Uik Uik + Ad Ud UdJ(Zo )Tk =1 (2.19)

where a2 is the thermal noise power. From Equation (2.19)

=I * T m* T * T -(1) T

*= (Zo  ) 2 [Zo Zo + . Eik Utk Utk + ,d Ud Udi (ZJ
k=1 (2.20)

where Fj is the ratio of the desired signal power to the thermal noise

power and Eik is the ratio of the kth jammer power to the thermal noise

power. Let

m * T
Rn = Z 0*ZoT + . Eik Uik Uik

k=1 (2.21)

then
-1 *T -1

* = (Zo * a2 (Rn + d Ud Ud)(Zo )T (2.22)

I.'

I'. Note that Rn is the normalized (with respect to the thermal noise

6' power) covariance matrix of the undesired signals (jammer and the

thermal noise). To find the steady state weights (Equation (2.15)), 4 -1

must be computed. The following matrix inversion Lemma [41, is used to

compute -i

411 -.
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(A - * *T .1 A-1 - OA- 1Z zTO (2.23)

where A is a nonsingular NxN matrix, Z is a Nxl column and a, 0 are

scalars related by

.1 + -1 ZTA-Z* . (2.24)

Using the matrix inversion lemma to invert 0 in Equation (2.22) one

-" gets

1 4 D1 1  T 1~ fl 1'( *)-1 (2.25)
.-'.~~~ZT (R, -, Rn' U* U: R- (o,'- M., -

.j~lf n d d rnJ~L)

where

1- + UT R 1  * (2.26)
c. d d.-

The array will acquire and track the desired signal if the

reference signal is correlated with the desired signal and is

uncorrelated with interference signals. Assuming that the reference

signal R(t) is given by,

R(t) AreJ( Ot + I'd) (2.27)

and using Equation (2.13), Equation (2.17) yields

S- Ar Ad (zo)* U • (2.28)

Using Equations (2.25) and (2.28) the steady state weights

(Equation (2.15)) of the array are given by

P-' T I *I'

W K ZTR-U (2.29)on d

12
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where

K ,ArAd (1- T UT Rn 1 U (2.30)

-+o

is a constant. The weights given in Equation (2.29) will lead to the

maximum output SINR in the presence of multiple Jammers [see Appendix].
Knowing the steady state weight vector, one can compute the output SINR

of the array which is given by

SINR Pd_____ (2.31)

I Pik Pn
k =1

where Pd is the output desired signal power.

P KI Xr~ (Z)- T  d (2.32)
d 7E{(0 ld) WI2  2*ld 0o

Pik is-the output interference power due to the kth jamm er

1iT 2

ik I'U -(Z)TW12  (2.33)

and n is the output thermal noise power

S = dII (2.34)

13
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Using Equations (2.32)-(2.34), Equation (2.31) yields
uT -1 U* 0(2.35)

SINR = Ed Ud R n Ud

Equation (2.35) is used to compute the steady state output SINR of an

adaptive array consisting of N half-wavelength, center-fed dipoles. All

the dipoles are assumed to have similar radiation characteristics and

:k. are spaced at a distance d apart (Figure 3). The desired signal and all

jammers are assumed to be theta polarized (Figure 3). For the results

presented here, fk(e,,,p) = 1.28142 [Equation (2.101.

Figure 4 shows the output SINR of an adaptive array of six dipoles

as a function of the desired signal direction. The dipoles are spaced

at a distance of half a wavelength and each dipole is terminated in a

load impedance equal to the complex conjugate of the self impedance of a

half-wavelength, center-fed dipole. The input signal-to-noise ratio

( q) is 5 dB and the output SINR is computed in the absence of all

jammers. The continuous curve in the figure shows the output SINR when

the mutual coupling between the array elements is taken into account

while the broken curve (--) represents the output SINR when the mutual

coupling between the array elements is ignored. Note that the presence

of mutual coupling changes the array performance and the output SINR of

the array depends on the angle of arrival of the desired signal. The

dependence of the array output SINR on the angle of arrival of the

desired signal can be explained as follows. Mutual coupling changes the

desired signal component of the element output voltages [Equation

(2.6)]. The array illumination due to the desired signal is no longer

14
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Figure 3. An array of N half-wavelength, center-fed dipoles.
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-1.0 -0.5 0.0 0.5 1.0
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Figure 4. Output SINR of an array of six half-wavelength, center-fed
4 dipoles vs. the desired signal direction (0d). Q=5 dA,

e =90*9 d=O.5X, Z =z*
d L i
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uniform and depends on the angle of arrival of the desired signal, while

the noise being internal is not affected by the mutual coupling between

the array elements. The output SINR of the array, therefore, changes

with the angle of arrivdl of the desired signal.

In the above example, the interelement spacing was large (X/2) and

we found that the mutual coupling does nevertheless affect the

performance of the array. For small interelement spacings, the mutual

coupling between the array elements will be large (Figure 5) and,

therefore, the array performance will be affected more. This is evident

in the plots of Figure 6, where the output SINR of the array is plotted

as a function of the interelement spacing. The desired signal is

incident from the broadside direction (90*,0*) and jammers are assumed

to be absent. The broken curve in the plot shows the output SINR in the

absence of mutual coupling while the continuous curve shows the output

SINR when the mutual coupling is taken into account. Note that the

mutual coupling between the array elements affects the array performance

even for large interelement spacing (d > X/2 ). The effect is more

" pronounced for small interelement spacing (d < /2), where the output

SINR drops below the expected value (in the absence of mutual coupling)

by a significant amount. The change in the output SINR can again be

explained using Equation (2.6). In the presence of mutual coupling, the

array illumination due to the desired signal deviates from the uniform

illumination. The amount of deviation depends upon how strongly the

array elements are coupled. The noise being internal to the processors

is not affected by the mutual coupling between the array elements. The

17
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output SINR of the array, therefore, changes with the interelement

spacing.

The drop in the output SINR for small interelement spacings can

also be related to the reduction of the total incident energy. As the

interelement spacing is decreased, the total aperture of the antenna

decreases and so does the total incident energy due to the desired

signal. Since the receiver internal noise remains unchanged, the

signal-to-noise ratio drops. For the same reason, the introduction of

additional elements into a fixed aperture with half wavelength spaced

antenna elements can degrade the adaptive array performance. The total

aperture is fixed and so is the total incident energy. The

introduction of additional elements will add to the thermal noise

without increasing the available signal power and that will degrade the
.b

array output SINR. Figure 7 shows the output SINR of an adaptive array

as a function of the number of antenna elements. The array is a linear

array of half-wavelength, center-fed dipoles. The total aperture is

fixed at 2A and the desired signal is incident from the broadside

direction. Again jammers are absent. The output SINR is computed with

and without mutual coupling. In these plots only the indicated points

are meaningful (the total number of antenna elements is always an

integer). Note that in the absence of mutual coupling the output SINR

increases with the introduction of additional elements. It is

consistent with the previous work of Compton [51. But in the presence

of mutual coupling, the array output SINR decreases with the

introduction of additional elements. One can see that the output SINR

20
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reaches a maximum for a four-element array and the array performance

degrades with the introduction of additional elements. The array

performance improves as the number of antenna elements is increased from

two to three to four. The reason for this is that one needs a minimum

number of antenna elements to receive all the energy incident on a given

aperture. But beyond this point the aperture becomes overcrowded and

thus, a densely packed array (d < A/2) may lead to a worse performance

in an adaptive mode.

In the examples given so far, the array performance was computed in

the absence of jammers. The presence of jammers will degrade the array

.- performance. As pointed out in our earlier work [1], the degradation in

the array performance can be computed using the unperturbed pattern of

the array. The unperturbed pattern of an adaptive array was defined to

be proportional to the radiation pattern of the array responding to a

single desired signal in the absence of interfering signals. In the

absence of jammers, the normalized noise covariance matrix [Equation

(2.21)] becomes

TRn = (2.36)

Substituting Equation (2.36) in Equation (2.29), the steady state

vector of the array will be

W = K(Zo Ud)* . (2.37)
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Thus, the weight vector for the unperturbed pattern will be (Z0 UJd)*

and the value of the unperturbed pattern in the direction (e, t) for

polarization p will be

%'1-1

E(O, t, p) = (Zo lu) T (Zo-Ud)* (2.38)

where U is the signal vector of the array in direction (8, *) for

polarization p. Substituting Equation (2.36) into Equation (2.35), the

output SINR of the array in the absence of all jammers will be

SINR = Ed (Z;lJd)T (o UJd)*

= E(d, td, Pd) (2.39)

and is proportional to the value of the unperturbed pattern (Equation

2.38)) in the desired signal direction. Further, following the same

procedure as given in reference [11, it can be shown that the output

SINR of the array in the presence of one jammer will be given by Z

SINR %d[E(ed,P) - IE(z l, U i pil)r (2.40)
dd d) (Z-1 U )T(Z-l tj )

0 ii 0 ii

where E(Oil, til, pil) is the value of the unperturbed pattern in the

jammer direction. The same can be done for multiple jammers. Thus, the

degradation in the array performance can be computed using the

unperturbed pattern.

In this section, the effect of mutual coupling between the array

elements on the steady state performance of an LMS type adaptive array
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was presented. It was shown that though LMS adaptive arrays produce the

maximum obtainable output SINR (see Appendix), their performance is

affected by mutual coupling. One should, therefore, take mutual

coupling into account to compute the true output SINR of the array. In

the next section, the transient response of an adaptive array in the

presence of mutual coupling will be studied.

III. TRANSIENT RESPONSE OF AN ADAPTIVE ARRAY IN THE PRESENCE OF
MUTUAL COUPLING

The speed of response of an adaptive array is controlled by the

elgenvalues of its signal covariance matrix [3]. As pointed out in the

last section, the presence of mutual coupling between the array elements

affects the input signals to the adaptive processor and thus the

covariance matrix. The elgenvalues of the covariance matrix will,

therefore, be different than those in the absence of mutual coupling.

In this section, the transient response of an adaptive array in terms of

the elgenvalues of its covariance matrix will be studied. From

Equation (2.20), the covariance matrix, 0, can be written as

.2o (o )T] .
k [I + ik(Z Uk) (Zo  Uk + d(Z; Ud) (Zo  Uik

(3.1)

In the presence of m+1 signals (one desired signal and m jammers),

0 has, at least, N-m-1 elgenvectors (N is the total number of antenna

elements) having unity elgenvalues (assuming a2=1) and the rest of the

24

.1.
d . " , ". "- '.. . . , ".'. .-" " . ' " . . -. " " "" . " " " " "" " , " .- " ''' '

'~~~~~~.•• .. . . . ..-.. ... .. o ,° . . . '. .- ~ . . .- -. . .. ...-. , .•- -.. . .. . . . . ..-. . . . . . ... * . . .. . . . . . . . . . . . ...,.-. . . . . . . . ..-. . .... . . . . ..,". .-... .o-22". . •. -..- 2.,22 - :- 2.'2 , - 2: .2::i :22,2I



-. %9v -V

eigenvectors have eigenvalues larger than one. The presence of mutual

coupling between the array elements will affect these eigenvalues. We

' will, therefore, compute the nonunity elgenvalues to study the effect of

mutual coupling on the transient response of adaptive arrays.

Figure 8 shows the nonunity eigenvalue of a six half-wavelength,

center-fed dipole adaptive array in the presence of one signal only (no

jammer). The desired signal is incident from the broadside direction

(900, 00) and is 10 dB stronger than the thermal noise. The eigenvalue

is plotted as a function of the interelement spacing. Note that the

mutual coupling between the array elements affects the eigenvalues even

for large interelement spacing, but the effect is more severe when the

spacing is less than half a wavelength. For small spacings, the

eigenvalue drops significantly below the value obtained in the absence

of mutual coupling (continuous line). The drop in the eigenvalue

indicates a reduction in the speed of response of the adaptive array.

In other words, the array will take more time to adapt to the changes in

the desired signal parameters. The main feature of an adaptive array is

nulling the undesired signals (jammers). The transient response of an

adaptive array in the presence of jammers, therefore, will be

considered next.

Figures 9 and 10 show the nonunity eigenvalues in the presence of

one and two jammers respectively. The angles of arrival of the two

jammers are (90o,300) and (900,-450) respectively and the jammers are 10

dB and 20 dB stronger than the desired signal. Again the eigenvalues

are plotted as a function of the interelement spacing. Note that the

25
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Figure 8. Nonunity elgenvalue (A) of an array of six half-wavelength,
center-fed dipoles in the presence of a desired signal vs.
the interelement spacing. Ed 10 dB, (d. +d) =(90*,00)

z L IVNo Jammier.*
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-With Mutual coupling

No mutual coupling

0.

ED

0 . 1. 2. 3. 4. 5

D IN NRVELENGTH

Figure 9. Nonunity elgenvalues (A) of an array of six half-wavelength,
center-fed dipoles in the presence of a desired signal and
a jamner vs. the interelement spacing. '&d - 10 AB,
(Od, td) -(900, 00), ij 20 dB, (c il i) =(900, 30)'
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Figure 10. Nonunity eigenvalues (X of an array of six half-wavelength,
center-fed dipoles in the presence of a desired signal and
two jammers vs. the interelement spacing. Ed = 10) dB,
(Od, *d) - (900, 01), Eil = 20 dB, Wi = 30 dB, (oil, Oil)=

(900, 300), 02 2 (900, -450),ZL=Z.
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mutual coupling between the array elements affects the elgenvalues even

for large interelement spacings, but the effect is more severe for small

interelement spacing (d < A/2). For such spacing, the elgenvalues drop

substantially below the values that they would have had in the absence

of mutual coupling (continuous curve). The smaller the eigenvalues, the

longer will be the transient, or, the array will take more time to null

the jammers, which may be undesirable. The strong fluctuations in the

elgenvalues for large interelement spacings are due to the fact that one

or more signals (jammer as well as the desired signal) are incident

from grating lobe directions.

• . In this section, the effect of mutual coupling on the transient

response of an adaptive array was studied. It was shown that the

presence of mutual coupling between the array elements affects the

transient behavior of the adaptive array and slows its response to both

desired as well as jamming signals for closely spaced elements. In the

next section, it is shown that mutual coupling affects the performance

of Applebaum type adaptive arrays and that the steering vector for these

arrays must be modified to account for the mutual coupling in order to

maximize the output SINR.

- IV. APPLEBAUM ARRAYS

In the case of an Applebaum adaptive array, one uses a steering

vector or initial weights instead of a reference signal as the control

signal (Figure 1). The steady state weight vector for this type of

adaptive array [6] is given by
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-. where Us is the steering vector, G Is the loop gain and I is a NxN

identity matrix. Note that Equation (4.1) contains the signal

covariance matrix, o. As pointed out earlier, the presence of mutual

coupling between array elements will change 0 and thus will affect the

steady state performance of Applebaum type adaptive arrays. Etgenvalues

of the signal covariance matrix control the speed of response of

- Applebaum type adaptive arrays too. The presence of mutual coupling

between array elements will, therefore, affect the transient response of

Applebaum type adaptive arrays in the same fashion as pointed out in the

last section.

Next, we will find the optimum steering vector to maximize the

output SINR of Applebaum type adaptive arrays in the presence of mutual

coupling. Assuming that the loop gain is large, the steady state

weights [Equation (4.1)] becomes

.:
" W - 0-1 US .(4.2) ,

::

Using Equation (2.25) in Equation (4.2) one gets

W = O(R - 1 U U T R - * (4.3)
n n d d n )Z

If the steering vector is chosen to steer the beam in the desired

signal direction, i.e., US = Ud then the steady state weight vector will

be given by
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W zoT (R 1  T R 1  UZ 0 U1 z* (4.4)n- n- d d n)

Comparing Equations (2.29) and (4.3) one can see that the two are

not the same, and thus this choice of the steering vector would not give

the optimum SINR. If instead of the "open circuit" desired signal

vector (Nd, the complex conjugate of the desired signal component of

the element output voltage is used to generate the steering vector,

i.e.,

a.us (Z01 Ud) (45

then from Equation (4.3)

o 0n d(46

T+ 1

_where

Ki = (1 - TUT Rn- Ud*) (4.7)

Comparing Equations (2.29) and (4.6), one can see that the two

weight vectors differ only by a scale factor. The choice of the

steering vector as given in Equation (4.5) will, therefore, lead to the

- optimum performance of the array.

* ,Figure 11 shows the output SINR of an adaptive array of six half-

wavelength, center-fed dipoles as a function of the interelement spacing

for the two choices of steering vectors. The desired signal is incident
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* Figure 11. Output SINR of an array of six half-wavelength,
center-fed dipoles vs. the interel-ement spacing

using Applebaum algorithm. td 5 dR, Z1  z11

(Odld) *(900, 00).
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from the broadside direction and the load impedance is equal to the

complex conjugate of the self Impedance of a half-wavelength, center-fed

dipole. Again jammers are assumed to be absent. Note that when the

steering vector Is chosen according to Equation (4.5), the adaptive

array gives a better performance for small interelement distances where

the mutual coupling is the strongest. Comparing Figures 6 and 11, one

can see that the output SINR of the properly excited Applebaum array is

the same as that of the LMS array. Thus, U = (Zo-I Id)*, leads to the

optimum performance of an Applebaum type adaptive array.

V. CONCLUSIONS

In this work, the effect of mutual coupling between array elements

on the performance of adaptive arrays was studied. It was shown that

mutual coupling affects the performance of adaptive arrays even for

large interelement spaci' s. The effect is particularly serious for

small interelement spacing where the steady state output SINR of the

array is significantly lower than that obtained when mutual coupling is

ignored and the speed of response of the array is reduced.
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APPENDIX A

From Equation (2.21)

r: .m 1--"T( A 1
:: Rn = Zo {I + Ik Uik) 0 ik)T } Z Z Z- Z- AI

Let

Uik= Zo 1 Uik

then Equation (A.1) becomes

m

Rn Z0  k~l Eik Ulk Uik 1  T.

TZRZ (A.2)
o n -

where

m
Rn  -Z I + U U T (A.3)
"k=1 ik Uk k

Using Equation (A.2) in Equation (2.29), the steady state weight

J vector of the array is
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W =K(Rn'Y 1 (Z 0- U d)

vKn( l (A. 4)
- I'U'nJ U,

where

z -1 U(A.5)~ d

Comparing Equation (A.4) with the optimum weight vector [Reference

6, Equation (4.1)] one can see that the two are similar. Thus the

weight vector given by Equation (2.29) will lead to the maximum output

SINR in the presence of multiple jammers.
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